Abstract. Oxime HI-6 is an efficient reactivator of the acetylcholinesterase inhibited by organophosphorous nerve agents. In this study we have estimated cytotoxicity of HI-6 by the colony forming assay and genotoxicity by the comet assay on human and rodent cell lines. IC 50 of HI-6 assessed by the colony forming capacity was 3.59 mM for HeLa cells and 5.18 mM for a mouse cell line L929. Small difference in cytotoxicity was found among other cell lines tested: IC 50 was 1.61 mM for human A549 cells, 1.14 mM for UROtse line, 1.96 mM and 1.71 mM for Chinese hamster cells AA8 and UV-20, respectively. The A549 cell viability measured with the MTT test was 5 times decreased comparing 2 and 24 hours of HI-6 oxime treatment. The 5 mM HI-6 concentration reduced the viability within 2 hours to 95% only, however, it induced a significant number of DNA breaks in mouse cells L929, and also in human UROtse and HepG2 cells. 1-β-D-arabinofuranosylcytosine (10 -4 M) and hydroxyurea (10 -2 M), supplemented to the cultivation medium, did not cause any significant accumulation of DNA breaks during treatment, which indicated that the nucleotide excision repair was not acting on the induced DNA damage.
Introduction
Standard antidotal therapy against organophosphorous anticholinesterase compounds includes the cholinergic drug, atropine, and acetylcholinesterase (AChE) reactivating agent. HI-6 oxime ((1-(((4-aminocarbonyl)pyridino)methoxy) methyl)-2-(hydroxyimino)-methyl)-pyridinium dichloride monohydrate) is the most effective AChE reactivator with known mechanism of action reactivating organophosphorus inhibited AChE (Cassel et al. 1997) . Although the pharmacological profile of HI-6 has been extensively studied, incomparably less data has been published concerning to its preclinical toxicology.
So far we have not enough information about HI-6 cytotoxicity and genotoxicity. As it was published earlier, HI-6 was not genotoxic using tests on Salmonella typhimurium, mouse lymphoma and Chinese hamster ovary (CHO) cells, both with and without metabolic activation (Putman et al. 1996) . In vivo clastogenicity evaluation on rats was also negative, however, HI-6 induced significant amount of chromosome aberrations in vitro in CHO cells. Since then Čalić et al. (2006) has compared cytotoxicity of different oximes by measuring the metabolic function of mitochondrial succinate dehydrogenase activity of the living cells (MTT test). As the maximal oxime concentration used by them was 0.8 mM (without cytotoxic effect) the cytotoxic effect could not be evaluated. Also Radić et al. (2007) studied cytotoxicity and genotoxicity of HI-6 in vitro. Authors did not find any significant genotoxic effect of HI-6 on human lymphocytes treated in vitro and measured by induction of chromosome aberrations or micronuclei and also by the alkaline comet assay. However, the highest concentration tested was only 0.4 mM. Similarly, to studies in vitro, HI-6 administered in vivo to rats did not induce any significant genotoxicity as measured by the induction of micronuclei in peripheral blood leukocytes and by the comet assay in peripheral leukocytes, hepatocytes and brain cells (Vrdoljak et al. 2009 ).
The objective of the present study was to estimate in vitro cytotoxicity and possible genotoxicity of HI-6 in different human and rodent cell lines using the colony forming assay or the MTT test and the single cell gel electrophoresis (SCGE). We have used both primary human cells (embryonic lung fibroblasts), immortalized (human UROtsa; Rossi et al. 2001 ) and malignant (HeLa, A549, HepG2) cell lines. The advantage of HepG2 cells using in genotoxicity testing is inducibility and expression of various phase I and phase II enzymes (Knasmüller et al. 1998 ). Due to the presence of enzymes relevant for xenobiotics metabolism HepG2 cells are favoured for cytotoxicity and genotoxicity assays. They reflect more adequately possible hazardous effects of xenobiotics rather than bacteria or metabolically incompetent mammalian cells such as CHO, HeLa, or another cell lines which require an exogenous metabolic system for the activation of genotoxicants. Further we used mouse cell line L929, Chinese hamster ovary cell line AA8 and the UV-20 line, a mutant derived from AA8 deficient in the ERCC1 gene coding a nuclease playing essential role in the nucleotide excision repair (NER) (Thompson et al. 1981) .
Materials and Methods

Chemicals
HI-6 dichloride was synthesized at the Department of Toxicology of the Faculty of Military Health Sciences, Hradec Kralove, Czech Republic. Its purity was 99.5%, as analysed by HPLC technique. It was kept at room temperature and dissolved and diluted in sterile phosphate buffered saline (PBS) immediately before use to the concentration 10 times higher than was the final concentration in medium. HI-6 was added to the cell culture medium for the time interval indicated in results.
Cell lines
Human HeLa cells, A549 human lung carcinoma cell line (obtained from the European Collection of Cell Culture, Sigma-Aldrich, Prague, Czech Republic), human embryonic lung fibroblasts (SEVAC, Prague), UROtsa -normal urothelial cells (Rossi et al. 2001 ) and rodent cultures L929 (Eur. Cell Collect.) were cultured in MEM medium supplemented with 10% of bovine foetal serum (FBS; BioTech, Prague, Czech Republic). HepG2 cells (human epithelial hepatocellular carcinoma) were cultured in Williams medium E + 10% FBS. The AA8 line of Chinese hamster ovary cells and their mutant UV-20 were cultured in Dulbecco MEM alfa + 6% FBS. HeLa, HepG2, AA8 and UV-20 cells were obtained from Prof. Andrew Collins (University of Oslo, Norway). Cell line isolated from a primary culture of human urothelium was obtained from Prof. Gunnar Tobin (University of Göteborg, Sweden).
Colony forming assay
Two hundred cells (800 in the case of UROtse) were plated per each 40 mm petri dish (TPP) in 1.5 ml of culture medium (37°C, 5% CO 2 , 85% humidity) and next day HI-6 dissolved and diluted in PBS to the concentration 10 times higher than used was supplemented and incubated for 24 hours. After the HI-6 treatment medium was changed and dishes incubated for 7 days. Colonies were fixed with methanol : acetic acid (3 : 1), stained with Giemsa and counted. Two dishes were used per experimental sample. Results are presented as percent of colonies formed in control dishes without HI-6 treatment. Each experiment was repeated 2-4 times. IC 50 were calculated using probit-logaritmic method (Litchfield and Wilcoxon 1949) .
Cell viability assay (MTT test)
The standard 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bromide (MTT) assay procedure was used for cytotoxicity evaluation (Trivedi et al. 1990) . For this assay we used A-549 lung adenocarcinoma cell line. Cells were plated in 96-well microassay culture plates (7 × 10 4 cells per well) and incubated overnight at 37°C in the 5% CO 2 incubator. HI-6 was dissolved in PBS and added, as described above for the colony forming assay. Control wells were prepared by addition of PBS. Wells containing culture medium without cells were used as blanks. The plates were incubated with HI-6 for 2, 24, 48 and 72 h. Upon completion of the incubation the stock MTT dye solution (10 µl, 5 mg -1 ) was supplemented to each well. After 90 min incubation, buffer (100 µl) containing isopropanol (48%), 1 M hydrochloric acid (2%) and triton-x 100 (0.05%) was added to solubilize the MTT formazan. The optical density of each well was then measured on a multi-detection microplate reader (model Synergy 2) at a wavelength of 490 nm. Each experiment was repeated at least four times to get the mean values.
DNA damage assessment -Incubation with DNA synthesis and polymerases inhibitors
Cells were plated in 40 mm petri dishes (1.5 or 2 × 10 5 cells per dish) in 1.5 ml of the culture medium. The next day different concentrations of HI-6 were added and cells incu-bated for another 2 h. The 1-β-D-arabinofuranosylcytosine (AraC) in concentration 10 -4 M and 10 -2 M hydroxyurea (HU) were added to parallel dishes together with HI-6. AraC inhibits the polymerisation step of nucleotide excision repair NER leaving the repair gaps open. These gaps are detected as true breaks under alkaline conditions (Squires et al. 1986; Erixon and Ahnstrom 1987) . After the treatment, cells were detached from the dishes by trypsinization and DNA damage was estimated by the comet assay. The dishes with cells treated with HI-6 in the absence of AraC + HU were divided into two portions and each part was analysed separately, one for single strand breaks (SSB) the other for the presence of oxidized pyrimidines using endonuclease III (see the comet assay below).
Comet assay (single cell gel electrophoresis)
DNA breaks were analysed using the modified alkaline comet assay combined with a use of endonuclease III treatment (Collins et al. 1996 (Collins et al. , 1997 , which cleaves specifically oxidized pyrimidines and abasic sites in DNA (Doetsch et al. 1987) . Briefly, analysed cells are split to two samples, cells of each sample embedded in agarose on a microscope slide and incubated in lysing solution (1 h, 4°C). After this step, one of two parallel slides is left in the lysing solution, while the gel with cells on the other slide is incubated with 40 μl of endonuclease III (45 min, 37°C). All slides are then placed in electrophoresis tank containing the alkaline buffer and incubated to unwind the DNA (40 min, 4°C). Then the electrophoresis follows (25 V, 30 min, 4°C). Comets were visualized by fluorescence microscopy after the staining with ethidium bromide and image analysis Lucia G (Laboratory Imaging, Prague) was used for the evaluating comet parameters. DNA damage (SSB) is expressed as the percentage of DNA in tail (% tail DNA). The number of SSB measured in slides incubated with the endonuclease III is a sum of SSB detected without the enzyme treatment plus the number of breaks formed by endonuclease III. According to our calibration of the method by X-ray irradiation published previously (Collins et al. 1996 (Collins et al. , 2008 , the amount of SSB/10 9 daltons of single stranded DNA can be calculated as % tail DNA × 0.042 under conditions used in our modification of the method.
Statistics
For statistical analysis the non-parametrical Mann-Whitney U-test was applied. For testing significance of the HI-6 effect the Kruskal-Walis test was used, the significance of the difference between DNA breaks (% tail) in controls and treated group were re-tested by Mann-Whitney test using the Sigma Stat 2.03 software.
Results
Inhibition of colony-forming ability
The ability of cells to form colonies in the presence of different concentrations of HI-6 was estimated. Cells were plated in petri dishes and the next day different concentrations of HI-6 were added to the culture medium and incubated for 24 hours. The grown-up colonies were counted after 7 days. As can be seen in Fig. 1 , HI-6 toxicity is quite low up to the 0.6 mM concentration.
From 1.25 mM concentration a colony forming ability is reduced and is completely inhibited by 5 mM concentration Figure 1 . Inhibition of human and rodent cell colony forming ability treated with HI-6. 200 cells (or 800 in the case of UROtse cells) were plated per 40 mm petri dish in 1.5 ml of medium. The next day the HI-6 oxime was supplemented to medium for 24 h; 2 dishes were used for each experimental sample. Dishes were washed with PBS and incubated in the fresh medium for 7 days. Then colonies were fixed with methanol and stained with Giemsa. Results are presented as means of percent of the number of colonies in control dishes without HI-6 obtained from 2-4 experiments. SD did not exceed 7% of presented values. (in the case of most sensitive cells URO and A549) or by 10 mM concentration of HI-6. Significant difference in HI-6 toxicity for tested cell lines was found. In Table 1 HI-6 concentrations causing 50% inhibition of the colony-forming capacity are presented. Only mouse cell line L929 seems to be more resistant to HI-6, showing IC 50 = 5.18 mM. HeLa cells exhibited sensitivity between L929 and the rest of cell lines (IC 50 = 3.59 mM). There was found practically no difference among other cell lines tested, when IC 50 for A549 cells was 1.61 mM, for human urothelial cell line UROtse 1.14 mM, and for Chinese hamster cells AA8 1.96 mM, or nucleotide excision repair-deficient mutant cell UV-20 1.71 mM.
Cell viability (MTT test)
The HI-6 effect on viability of A549 cells was measured by the MTT test. A549 cells grown in 96 well microtiter plates were treated with HI-6 for 2, 24, 48 or 72 h. As can be seen in Fig. 2 , viability of A549 cells incubated with HI-6 decreases at concentrations higher than 0.6 mM. Similarly to inhibition of colony-forming capacity, a significant decrease of viability was observed in cells treated with 5 mM or 10 mM concentrations. This decrease of cell viability was timedependent. As an example, viability of cells treated with 2.5 mM HI-6 decreased from 60% after 24 h to 55 or 30% after 48 or 72 h, respectively. On the other hand, after 2 h of treatment viability was only slightly, but insignificantly affected by 5 mM HI-6.
DNA damage induced by HI-6
DNA damage was evaluated by the comet assay in cell lines after 2 h of treatment ( Fig. 3 and 4) . After HI-6 treatment of cells both SSB and oxidative damage to DNA (endonuclease III sensitive sites) were estimated by the comet assay. 10 -4 M AraC and 10 -2 M HU were added to parallel cultures together with HI-6. HI-6 did not induce any significant amount of DNA breaks (expressed as % tail DNA) in A549, or LEP cells. In HeLa cells for 24 h of treatment with the highest concentration of HI-6 tested (10 mM) a small increase in the tail DNA up to 30% was observed. The highest DNA damage (40 to 70% DNA in tail) induced by HI-6 was found in UROtse cells, where we have found an increase in tail DNA after 2 h of cell treatment with concentrations 5 and 10 mM, respectively. A significant induction of DNA breaks was scored neither in the CHO cell subline AA8, nor in its DNA repair-defective mutant UV-20. In contrast to these cells, in the mouse cell line L929 induction of DNA damage was comparable to sensitive URO line. The value % tail DNA raised within 2 h of treatment to 50% in cells treated with 10 mM HI-6. The incubation of cells with the endonuclease III did not show any significant increase of DNA breaks (alkali-labile sites) in any of cell lines used. Similarly, the incubation of cells in the presence of AraC and HU did not cause any significant accumulation of DNA breaks except of HepG2 and AA8 cells, where a significant but small increase (by some 25% tail DNA) was observed.
Discussion
Cytotoxicity and genotoxicity of HI-6 was previously studied by Putman et al. (1996) . In this study a HI-6 dichloride was tested in a battery of assays to measure its potential to induce gene mutations and chromosomal aberrations. No induction of mutations was found using the Salmonella mutagenicity were incubated overnight and HI-6 oxime was supplemented for indicated period of time (2, 24, 48 and 72 h). Then MTT dye solution (10 µl, 5 mg -1 ) was added to each well for 90 min and the formed formazan was dissolved in buffer (100 µl) containing isopropanol (48%), 1 M hydrochloric acid (2%) and triton-x 100 (0.05%). The optical density was measured at the wavelength of 490 nm (see Materials and Methods for details). SD did not exceed 5% of presented values (n = 2).
and the CHO/HGPRT assays. The mouse lymphoma gene mutation assay was negative as well. As to investigate the HI-6 effects further, clastogenic responses were studied also in vivo by the rat bone marrow metaphase assay. Also in this assay HI-6 showed negative clastogenic responses. However, a dose-dependent increase of chromosome aberrations in CHO cells and in cultured human peripheral blood lymphocytes treated with HI-6 was observed. The induction of chromosome damage was observed both with and without the cells incubation with microsomal S9 fraction, indicating that most probably not a metabolite, but HI-6 itself was Figure 3 . DNA damage induction in human cell lines treated with HI-6 oxime. 1-2 × 10 5 cells were plated in 1.5 ml of culture medium in 40 mm petri dishes and incubated overnight. As indicated in graphs, cells were incubated in presence of HI-6 added to medium for 2 h. AraC and HU were added simultaneously with HI-6 oxime to the cultivation medium in parallel dishes to the concentration of 10 -4 M or 10 -2 M, respectively. In the end of the incubation cells were harvested by trypsinization and DNA breaks were measured using the comet assay. During the assay, the number of breaks was measured also in cells on parallel slides with gels, which were incubated in the presence of endonuclease III (Endo III). This value is a sum of all alkali-labile sites in DNA (SSB) plus alkali-labile sites formed by the endonuclease III. Values represent means ± SE of 50 cells (comets) obtained in one representative experiment (2 or 3 experiments were performed with each cell line). responsible for the induction of chromosome damage found in the study (Putman et al. 1996) . Published results indicate that HI-6 does not induce gene mutations in vitro. Although, it is not clastogenic in vivo, it is clastogenic in vitro. Nevertheless, the concentrations inducing the clastogenic effect in vitro are high (0.6-2.5 mg/ml) but fare from concentrations achievable in vivo in blood (100 μM) or brain (10 μM) after the application of potential therapeutic doses (Ecobichon et al. 1996; Cassel et al. 1997 ).
The valuable information about HI-6 brought Čalić et al. (2006), who revealed by the MTT assay that HI-6 (as well as other oximes tested) is not cytotoxic at concentrations up to 0.8 mM. This is in accordance with our findings shown in the present study.
Recently Radić et al. (2007) published a paper describing HI-6 effects in more detail. A variety of assays were used: alkaline comet assay, DNA diffusion assay, analysis of structural chromosome aberrations and cytochalasin-block micronucleus assay. The results showed a low cytotoxicity of HI-6 in concentrations tested (up to 0.8 mM). HI-6 induced neither a significant DNA damage, nor a significant increase of chromosomal damage in human peripheral blood lymphocytes. The frequency of MN in lymphocytes treated with HI-6 was not significantly increased. However, HI-6 retarded lymphocytes proliferation in vitro at the high concentration 0.42 mM. Authors did not test cytotoxicity in really cytotoxic concentrations, so that IC 50 concentration could not be estimated.
Current OECD (2004) guidelines for genotoxicity testing in mammalian cells require that the highest concentration with soluble and non-toxic substances should be 10 mM. However, the suitability of using such high concentration for testing is discussed, particularly from the point of view of false positive results caused by cytotoxic concentrations (Kirkland et al. 2007 ). As it was recommended by the authors, we have correlated the genotoxic effect seen both on human and rodent cell lines to two endpoints of cytotoxicity, i.e. to colony forming capacity and to mitochondrial function (MTT test). In regard to induction of DNA breaks, results were obtained after 2 h of treatment, when the MTT test did not show significant toxicity up to 5 mM concentration of HI-6.
In our study we have used concentrations up to 10 mM and therefore we were able to find cytotoxic concentrations. This concerns both the colony-forming assay and the MTT test. IC 50 concentrations evaluating by the colony-forming assay showed that there is no big difference in cytotoxicity among cell lines tested. Both human and rodent cells showed similar inhibition of colonies, the IC 50 values varying from 1.14 to 1.7 mM, with exception of HeLa cells (IC 50 3.6 mM) and L929 (IC 50 5.2 mM). In the case of URO and L929 at the 2.5 mM concentration of oxime we have found lower toxicity compared to lower concentation 0.3 mM. Besides the possible influence of an experimental error, the increase of the cell viability at 2.5 mM compared to lower concentrations of HI-6 may result from the different stability of more concentrated HI-6 in the culture medium during the 24 h treatment at 37°C. As it was described by Eyer et al. (1986) , at pH 7.4 HI-6 releases up to 60% of hydrocyanic acid (t/2 = 12 h) and so considerable amounts of cyanide may be formed.
Quite interesting were results of experiments showing dependence of cytotoxic effect on time evaluated by the MTT test in A549 cells. The cytotoxic effect measured by the MTT test (measuring the activity of succinyl dehydrogenase) was increased slowly. Only 10 mM concentration of HI-6 reduced viability of cells significantly by 20% within 2 h of the treatment. In cultures incubated in the presence of 1.25-10 mM HI-6 for 72 h the proportion of viable cells decreased approximately to one half compared to the proportion of viable cells found after 24 or 48 h of incubation.
In contrast to the paper of Radić et al. (2007) , who did not find any significant induction of DNA breaks in human white blood cells treated with HI-6, in our study we have observed a significant induction of DNA damage in human cell lines HepG2, UROtse, and in mouse L929 cells. The DNA damage was found in cultures treated with high concentrations of HI-6 (5 or 10 mM) already after 2 h of the treatment, when apoptosis could not take place. As we can guess from the results of measuring cell viability by the MTT test, there was no decrease of cell viability (at least in A549 cells) in cells treated up to 5 mM concentration of HI-6 within 2 h. This indicates that there was no cell necrosis induced within the 2 h-treatment which might cause DNA degradation. So we have supposed that HI-6 induced alkali-labile sites (or true DNA breaks). A possibility cannot be excluded that HI-6 can induce oxidative stress (and thus also oxidative damage to DNA) (Pohanka et al. 2009 ). For this reason we have tried to detect oxidative DNA damage using incubation of cells lysed in the gel during the comet assay with endonuclease III according to Collins et al. (1996) . Using this technique, we have not found any increase of DNA breaks in cells incubated in gel with endonuclease III, which indicates that the induced DNA damage most probably was not the oxidative one. The observed increase of the DNA damage in some cells is low and, to our experience (Collins et al. 1996) , it does not correspond to the increase found in cells containing a significant amount of oxidized bases in their DNA. From described above, we suggest that HI-6 or its metabolite(s) could be responsible for DNA damage induction. Because we did not find DNA damage induction in all cells lines tested, we may speculate that a metabolite is more probable inducer of the damage rather than the unchanged HI-6. It was described, that in rats in vivo HI-6 is excreted quite quickly by the urine within few hours, but it is partly metabolized (Ecobichon et al. 1987; Ligtenstein et al. 1990 ). Therefore, it cannot be excluded, that in UROtse, L929 and especially in HepG2 cells, which are known to be equipped with Cyp450 activities (Knasmüller et al. 1998) , the DNA damage is induced by some of known, or unknown metabolites.
We have chosen UV-20 cells to follow the possible induction of DNA damage. This cell line is a mutant deficient in nucleotide excision repair (Thompson et al. 1981) . If HI-6 would induce an alkali-labile adduct repaired by NER, then UV-20 would be markedly more sensitive to cytotoxic effect of HI-6, and it would accumulate alkali-labile sites in the DNA due to DNA repair-deficiency. However, survival measured by colony forming assay did not show any difference between normal AA8 cells and DNA repair-defective mutant UV-20 treated with HI-6. Because we did not see any significant amount of DNA damage induced with HI-6 neither in UV-20 mutant nor in parental AA8 cells, it is possible that these Chinese hamster cells do not metabolize HI-6 like HepG2, URO or L929 cells and therefore no DNA damage is induced by HI-6.
If HI-6 would induce an alkali-stable DNA adduct, it would not had been detected by simple alkaline version of the comet assay used in this study and in the study of Radić et al. (2007) . To exclude this possibility, in parallel cultures AraC and HU (see Materials and Methods for details) were added in the culture medium during the 2 h of treatment with HI-6.
In the presence of AraC and HU the polymerisation phase of NER is blocked so that the repaired sites remain like open gaps, that are detected as real breaks under alkaline conditions (Collins et al. 1984) . However, we have not found any accumulation of repair gaps in parallel cultures containing in medium AraC and HU additionally to HI-6. This result highly indicates that there was no DNA damage in treated cells on which NER would have been acting. This paper brings new findings concerning HI-6 cytotoxicity/genotoxicity. Results show, that cytotoxicity of HI-6 is relatively low and that there is only a very low DNA damage induced in treated cells. Results are in accordance with findings of Radić et al. (2007) , who did not find significant induction of the DNA damage in human leukocytes treated with HI-6. Čalić et al. (2006) has used several cell lines (including HepG2 and CHO cells) additionally to human lymphocytes for the cytotoxicity studies. However, thanks to the low concentrations (up to 0.8 mM) of HI-6 and to the short time of treatment used (up to 4 h) they did not see any significant toxicity in any of tested cell types. According to our results presented in this paper cytotoxicity of HI-6 and possible induction of DNA damage may appear in cells exposed to concentrations higher the 1-2 mM. This concentration is hardly achievable in organism exposed to therapeutic doses of HI-6. Simons and Briggs (1985) described the plasma concentration of HI-6 as high as 0.4 mM at 3 min after i.v. application. A possibility remains, that higher concentrations may appear in urine, for instance. The rapid excretion of the HI-6 and its metabolites by urine is well known (Cassel et al. 1997) and so the high concentration in urine might represent a possible risk from the point of view of the damage of cells in urinary tract. Taking into an account possibility, that cells of the urinary tract might be more sensitive to the HI-6 toxic effect, which was found in the present study, we think this risk for the urinary tract should not be underestimated. The higher sensitivity of HepG2 cells to DNA damage induction by HI-6 may also suggests that hepatocytes may be at higher risk due to the metabolites formed in them.
